ABSTRACT FLT3, a type III receptor tyrosine kinase, expresses on most acute leukemia cells as well as normal hematopoietic stem/progenitor cells. Mutation in the FLT3 gene is the most frequent genetic alteration in acute myeloid leukemia (AML) and is well known as an important driver mutation for the development of myeloid malignancies. FLT3 mutation is a strong poor prognostic factor for the long-term survival in AML patients, while neither high-dose chemotherapy nor allogeneic hematopoietic stem cell transplantation can overcome a poor prognosis. Development of an FLT3 inhibitor is, therefore, much awaited. To date, several potent FLT3 inhibitors have been developed and some of them were evaluated for efficacy in clinical trials, although no FLT3 inhibitor has been yet approved. Moreover, several problems for clinical use, such as adverse effects, blood concentration and resistance have been apparent. Recently developed AC220 is a highly selective and sensitive FLT3 inhibitor. In Phase I and II trials, AC220 so far showed the best efficacy of AML cells harboring FLT3 mutation among clinically evaluated FLT3 inhibitors, while severe bone marrow suppression and QTc prolongation should be resolved for the clinical use. In this review, I summarize the characteristics of FLT3 inhibitors in clinical development and discuss important issues to be resolved for clinical use.
INTRODUCTION
Acute myeloid leukemia (AML) is a phenotypically and genetically heterogeneous disease. 1, 2) Although recent advances in chemotherapy and an application of allogeneic hematopoietic stem cell transplantation have improved the prognosis of patients with AML, more than 50% of them remain uncured. Furthermore, half of them cannot undergo intensive chemotherapy, which could provide them with complete remission and/or cure, because of the complications or their poor general condition. In contrast, prognosis of the patients with acute promyelocytic leukemia (APL) or Philadelphia chromosome-positive acute lymphoblastic leukemia (Ph-ALL), has been dramatically improved by the application of molecular-targeting agents, such as all-trans retinoic acid and imatinib, indicating that development of other targeting agents is necessary for improving the prognosis of AML patients. Many genetic alterations, which are closely associated with the development and/or progression of AML, have been identified, and some of them are expected to be therapeutic targets. 3, 4) The FLT3 mutation is the most frequently identified genetic alteration in AML, and induces the constitutive activation of FLT3 kinase. Therefore, FLT3 inhibitor serves as a promising molecular target in the treatment of leukemia. To date, several FLT3 kinase inhibitors were developed and their efficacy and safety were evaluated in phase I/II studies, but none of them were approved for clinical use. In this review, I would like to summarize the recent advances of FLT3 inhibitors and problems to be resolved for clinical use.
FLT3 MUTATION
FLT3 (FMS-like tyrosine kinase 3) belongs to a type III receptor tyrosine kinase together with KIT, FMS and PDGF-receptor, and consists of five immunoglobulin-like domains in the extracellular region, a juxtamembrane (JM) domain, a tyrosine kinase (TK) domain separated by a kinase insert (KI) domain and a C-terminal domain in the intracellular region. [5] [6] [7] FLT3 expresses on the surface of normal hematopoietic stem/progenitor cells. FLT3 ligand (FL) is expressed by bone marrow stroma cells, and FL-FLT3 interaction plays an important role in the survival, proliferation and differentiation of normal hematopoietic stem/progenitor cells. [8] [9] [10] [11] [12] [13] In addition, FLT3 expresses in most AML and ALL cells, and FL-stimulation enhances proliferation and reduces apoptosis of leukemia cells. 14) In 1996, an internal tandem duplication mutation in the JM domain-coding sequence of the FLT3 gene (FLT3-ITD) was first identified in AML cells. 15) Subsequently, a missense point mutation at the D835 residue and point mutations, deletions and insertions in the codons surrounding D835 within a TK domain of FLT3 (FLT3-KDM) were identified ( Figure 1) . [16] [17] [18] [19] [20] [21] [22] FLT3 mutations are identified in about 30% of the adult patients with AML, and are highly associated with leukocytosis and poor prognosis. [23] [24] [25] [26] [27] [28] The WHO and European LeukemiaNet, therefore, recommend that FLT3 mutations should be analyzed at the diagnosis of AML. 2, 29) 
BIOLOGICAL EFFECTS OF FLT3 MUTATIONS
The binding of FL to the extracellular domain of FLT3 leads to the dimerization and transphosphorylation of the A-loop, resulting in the activation of FLT3, followed by induction of multiple intracellular signaling pathways, such as MAPK-and AKT-signals, leading to cell proliferation and activation. In contrast, mutant FLT3 is ligand-independently dimeralized and activated. Of note is that mutant FLT3 activates STAT5 in addition to MAPK-and AKT-signals, indicating that the phosphorylation level of STAT5 is a surrogate marker of the mutant FLT3 activation. [30] [31] [32] [33] [34] The constitutively active mutant FLT3 kinase induces autonomous proliferation to cytokine-dependent cell lines, such as Ba/F3 and 32D cells. Furthermore, when mutant FLT3-transfected hematopoietic stem cells are transplanted, the mice develop an oligoclonal myeloproliferative disorder (MPD), but not AML, suggesting that mutant FLT3 is sufficient to induce a MPD, and thus additional mutations that impair hematopoietic differentiation and/or proliferation might be necessary for the development of monoclonal AML. 35) 
FIRST-GENERATION FLT3 INHIBITORS
Since FLT3 mutation is the most frequent genetic alteration and an independent poor prognostic factor in AML, mutant FLT3 serves as an important molecular target in the treatment of AML. At first, tyrosine kinase inhibitors (TKIs), which have a potency to inhibit the FLT3 kinase, were subjected to clinical trials ( Figure 2 ). Tandutinib (Millenium) is a derivative of quinazoline and inhibits the kinase activity of FLT3-ITD, but not FLT3-KDM. 36) Although this compound also has potency against PDGFRB and KIT, the inhibitory spectrum is relatively selective to FLT3. 37) In a Phase 1 study of 40 patients with relapsed or refractory AML, three patients had 40 to 50% reduction in the number of bone marrow (BM) blasts. In this study, no adverse effects were observed, while the peak plasma concentration of this compound did not reach to the biologically effective level. In a Phase 2 study of 25 patients with relapsed or refractory AML harboring FLT3-ITD, decrease of peripheral and BM leukemia cells was observed in seven of the 15 patients, while clinical response could not be evaluated in eight patients because of rapid disease progression or the toxicity, such as ptosis and QTc prolongation. 38) Therefore, further clinical development was discontinued. Although this compound has a high selectivity against FLT3, a lower inhibitory effect (IC50 is 220 nM) might cause clinically unimpressive results.
Sunitinib (Pfizer) is a derivative of indolinone and has been approved for renal cell carcinoma, gastrointestinal stromal tumor (GIST) and neuroendocrine tumor (NET) in Japan. This compound has a unique inhibiting property to tyrosine kinases and inhibits KIT, PDGFR and KDR kinases more sensitively than FLT3 kinase. In a Phase 1 study of 15 patients with advanced AML, the tentative reduction of peripheral blast cells was observed in seven patients. 39) Since two patients died of cardiotoxicity and the plasma concentration was brought to the biologically effective level, a further clinical development for AML has been discontinued.
Midostaurin (Novartis) is a benzoylstaurosporine and initially developed as a KDR inhibitor. 40) This compound inhibits the kinase activity both of FLT3-ITD and FLT3-KDM. In a Phase 2 study of 61 patients including 11 FLT3-ITD and 4 FLT3-KDM patients, half of the enrolled patients showed over a 50% reduction in the number of bone marrow blasts. 41) Although one AML patient with FLT3-ITD achieved complete remission, the duration was very short. Pharmacokinetic properties showed that the plasma concentration of this compound could not be maintained at the biologically effective level, because it consists of an indolocarbazole molecule, which is known to be highly associated with acid-a-glycoprotein (AGP) in human plasma. Notably, two patients died of pulmonary edema, which was considered a drug-induced toxicity. Since it was concluded that a monotherapy of midostaurin did not have sufficient clinical activity in AML patients with FLT3 mutations, a combination with chemotherapeutic regimens has been conducted. A randomized phase 3 study (RATIFY study) is now conducting for evaluating the superiority of midostaurin in addition to the conventional induction and consolidation therapies.
Lestaurtinib (Cephalon) was derived from indolocarbazole and structurally very similar as midosutaurin. This compound has a high potency against FLT3 kinases (IC50 is 3 nM). 42, 43) In a Phase 2a study of 12 AML patients with FLT3 mutations, the reduction of peripheral blast cells under 5% or the loss of BM blasts was observed in 4 patients, while the complete remission (CR) was not achieved in any patients. 44) Since this compound is also a derivative of indolocarbazole, the plasma concentration is lower than expected. The clinical efficacy of this compound alone seemed to be limited, so a Phase 2 study with a combination of lestaurtinib and conventional chemotherapeutic agents was conducted. 45) In this study, 224 patients with the first relapsed AML harboring FLT3 mutations were randomly assigned to chemotherapy (MEC or High-dose AraC) alone or a combination of chemotherapy and lestaurtinib. The CR/CRp rate in the combination group (16%) was not statistically better than that in the chemotherapy group (21%). Based on these results, further clinical development of lestaurtinib has been discontinued.
SECOND-GENERATION FLT3 INHIBITORS
The early phase studies of the first-generation FLT3 inhibitors for AML were unimpressive. However, these early studies have disclosed several problems (e.g.; maintaining the effective plasma concentration and serious adverse events) to be resolved before clinical use. Since the first-generation FLT3 inhibitors were not originally screened for the sensitivity and selectivity against the activated FLT3 kinase, the discovery and clinical development of novel FLT3 inhibitors in the second generation is required (Figure 2) .
We developed a novel FLT3 inhibitor, KW-2449, which has a potent and unique kinase inhibition profile against FLT3 (IC50 is 6 nM), ABL, T315I-mutant ABL (ABL-T315I) tyrosine kinases as well as Aurora kinase. 46) In a Phase 1 study of 37 patients including 11 FLT3 mutations, 10 of the 31 (32%) evaluable patients showed more than 50% reduction of leukemia cells in peripheral blood and BM. Although the maximum tolerated dose (MTD) was not established by the Phase 1 study, the compound was more rapidly metabolized than expected and the dephosphorylations of FLT3 and STAT5 were observed only for 8 hours. We, therefore, conducted the next phase 1/2 study, in which the administration schedule was changed from BID to TID or QID. However, we discontinued the study because of the gastrointestinal toxicity.
Sorafenib (Bayer) is a multikinase inhibitor, which has potency against RAF-1, VEGFR, PDGFR, KIT and FLT3, and has been approved for hepatocellular carcinoma and renal cell cancer.
47) The IC50 value against FLT3 is 58 nM. Although clinical efficacy of sorafenib monotherapy was limited to the transient blast reduction in two Phase 1 studies, a combination with chemotherapy revealed a good CR rate in the relapsed and/or refractory AML patients with FLT3 mutations. 48) However, since a combination of chemotherapy and sorafenib did not show better overall and event-free survivals than a chemotherapy alone in elderly AML patients, further studies are required to evaluate the efficacy and safety of the combination therapy. 49) Quizartinib (Ambit) has been screened for the affinity against FLT3 using the KinomeScan technique and has a high selectivity and sensitivity to FLT3. The IC50 value against FLT3 is less than 1 nM. 50) Although the IC50 value against dephosphorylation of FLT3-ITD is 1.1 nM, this compound does not have a potency against FLT3-KDM. The preclinical study showed the high bioavailabilty and AUC. 51) In a Phase 1 study, the QTc prolongation was the dose-limiting toxicity, while one CR and 4 incomplete CR (CRi) were observed in 18 AML patients harboring FLT3-ITD. In a Phase 2 study, 40 of the 79 (50.6%) patients with relapsed and/or refractory AML harboring FLT3-ITD achieved CRp or CRi. However, no CR was observed due to the BM suppression. In addition, the QTc prolongation was also observed even at the recommended dose, which was determined by the Phase 1 study. These results indicated the strong potency of quizartinib against AML cells harboring FLT3-ITD, while it is necessary to determine the optimal dose and/or schedule in the clinical use.
RESISTANT MECHANISM OF FLT3 INHIBITORS
Although no FLT3 inhibitors are approved for clinical use, several resistant mechanisms of FLT3 inhibitors have been disclosed through the early clinical studies. These resistant mechanisms are classified into primary and secondary resistances (Table 1) . 52, 53) The primary resistance includes a different potency against types of FLT3 mutations, other activating signals and the lower potency against leukemia stem cells. In particular, different potencies between FLT3-ITD and FLT3-KDM have been apparent in many FLT3 inhibitors. KDMs trigger the activation loop into an active conformation affecting the binding affinity of FLT3 inhibitors.
The secondary resistance includes FL-dependent resistance, an acquisition of resistant mutations and overexpression of FLT3. It has been reported that the growth-inhibitory effect of FLT3 inhibitors is reduced by the addition of FL in vitro (Table 2) . 54) In a Phase 2 study of lestaurtinib, the plasma concentration of FL was increased during the treatment of lestaurtinib, and the high FL concentration reduced the clinical efficacy. The most important resistance mechanism is the acquisition of resistant mutations. The resistant mutation was not clearly understood in Phase 1/2 studies of the first-generation FLT3 inhibitors because of their low efficacies. However, several resistant mutations have been identified in the patients who were treated with quizartinib. 55) It has been reported that D835Y, D835V, D835F or F691L mutations were additionally acquired at relapse in eight patients with FLT3-ITD who achieved CR by the quizartinib monotherapy. Since these mutated residues structurally exist around the ATP-binding pocket and the F691L mutation corresponds to the gate-keeper mutation, T315I, in the BCR-ABL gene, the binding of quizartinib to mutant FLT3 is blocked (Table 3 and Figure 3 ). These results raise further questions. The first-generation FLT3 inhibitors, except for tandutinib, are multikinase inhibitors, while their clinical efficacies were unimpressive and several adverse effects were apparent. Therefore, more selective and sensitive FLT3 inhibitors are thought to be better for clinical use. A selective and sensitive FLT3 inhibitor, quizartinib, shows the best clinical efficacy in clinically developed FLT3 inhibitors, but easily induces resistant mutation. It remains unclear whether FLT3-selective inhibitor is clinically better than multikinase inhibitor. However, development of a novel-type FLT3 inhibitor, which is selective and sensitive against both FLT3-ITD and FLT3-KDM, is much awaited. At present, ponatinib and crenolanib, which have potency against both FLT3-ITD and FLT3-KDM, are under clinical evaluation (Table 3) . 56, 57) 
CONCLUSION
Since FLT3 mutation is a poor prognostic factor for the long-term survival in AML patients, FLT3 is a promising therapeutic target. It has been proved by the quizartinib study that selective and continuous FLT3 inhibition could provide patients with CR. Development of FLT3 inhibitors will make for a more efficacious therapeutic strategy for leukemia therapy.
